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NATIONAL AFZRONAUTICS AND SPACE ADMINISmTION 

" N I C A L  NOTE D-94 

INVESTIGATION OF HIGH-SPEED IMPACT: F3GIONS OF IMPACT 

AND IMPACT AT OBLIQUE ANGLES 

By James L. Summers 

Small metal spheres of widely varying densi t ies  were  f i r e d  in to  
:opper and lead ta rge ts  at ve loc i t ies  t o  11,000 feet per second. 
of the high-speed resu l t s  of the investigation indicates t ha t  the ta rge t  
penetration and cavity volume can be correlated 85 functions of the r a t i o  
of pro jec t i le  t o  t a rge t  density and of the r a t i o  of impact veloci ty  t o  
speed of sound i n  ta rge t  material. 
t ions apply i s  described as occurring i n  t he  fluid-impact region. This 
type of impact as w e l l  as other types i s  discussed. Penetration f o r  
impact at oblique angles i s  correlated w i t h  t h a t  f o r  normal impact on the  
assumption t h a t  the component of velocity p a r a l l e l  t o  t he  ta rge t  surface 
does not contribute t o  target  penetration. 

Analysis 

Impact f o r  which the  correlation equa- 

INTRODUCTION 

A program of research directed toward the  understanding of some of 
the de ta i l s  of high-speed impact i s  at present being conducted i n  the  
hypervelocity b a l l i s t i c  range of the Ames Resemch Center. The results 
3f a preliminmy portion of t h i s  investigation are reported i n  reference 1. 
Ln the  reference report, a hydraulic analogy i s  used t o  describe the  
process of cavity formation during high-speed impact. Also presented i n  
reference 1 i s  an equation sui table  f o r  engineering purposes giving the  
target  penetration at  impact ve loc i t ies  f o r  which the  hydraulic model i s  
applicable. 
of impact and i n  doing so t o  arnplify on t h i s  hydraulic o r  "fluid-impact 
region" as termed herein. A second purpose of the  present report i s  t o  
invest igate ' the e f f ec t s  of impact at oblique angles and t o  examine the 
relationship between normal and oblique impact. 

One purpose of the  present report  i s  t o  describe other types 

NOTATION 

c speed of sound i n  target  material, t he  veloci ty  of propagation of a 
plane longitudinal wave i n  a slender prismatic bar 

d diameter of spherical  p ro jec t i le  
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E modulus of e l a s t i c i t y  

m mass of spherical p ro j ec t i l e  

penetration, measured from or ig ina l  tazget surface 

impact veloci ty  

vP 

vT 

e 

P 

volume of spherical  p ro j ec t i l e  

volume of t a rge t  cavity, measured from or ig ina l  ta rge t  surface 

angle of obliquity of impact, measured between pro jec t i le  f l i g h t  
path and l i n e  normal t o  tasget  surface 

mass density 

Sub sc r ip t s  

N normal t o  t a rge t  surface 

P project i le  

T target 

The t e s t s  were conducted by f i r i n g  s m a l l  spheres from a powder or  
light-gas gun in to  copper and lead  ta rge ts  at ve loc i t ies  t o  11,000 f e e t  
per second. 
from a magnesium-lithium a l loy  t o  a s intered tungsten compound, and 
varied i n  specif ic  gravi ty  from 1.7 t o  17.1. The spherical  models were 
mounted i n  supporting sabots which guided them down the bore of the gun 
bar re l  and provided protection from damaging ef fec ts  of the  propellent 
gases, 
deflected aside and thereby w e r e  prevented from damaging the targets .  
Spark photographs of the  pro jec t i les  were taken at numerous s ta t ions,  and 
intervals of time and distance of f l i g h t  between these s ta t ions  were 
measured. The veloci ty  as w e l l  as the  physical condition of the projec- 
t i les  in f l i g h t  was determined from the above data. 
th ick  and massive compared t o  the cavi t ies  produced and, therefore, were 
considered representative of semi-infinite solids. 
of t h e  exc?rixierit,al &ppa,ratus employed and the data reduction techniques 
used i s  provided i n  reference 1. 

The spheres were made fromvarious metals and alloys ranging 

After launch, t he  sabots were separated f romthe  models and 

The ta rge ts  were 

A detailed descriptior! 
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RESULTS AND DXXUSSION 

Fluid Impact 

I n  reference I, a f a i r l y  detai led description is  given of the  
hydraulic model used t o  describe the type of impact f o r  which data  were 
presented. This description is, briefly,  as follows. A t  very high speed, 

the  dynamic pressure at impact ($ pTV2) i s  many times greater than the 

ultimate strength of e i the r  the  project i le  or t a rge t  material and, as a 
consequence, both the p ro jec t i l e  and the t a rge t  behave as if they were 
f lu ids  during the process of cavi ty  formation. The material o f - t h e  
impacting body spreads Over the  c ra t e r  and plates  the  in t e r io r  of the 
ta rge t  cavity. 
of f igure 1 which show a sectioned portion of a copper ta rge t  struck by 
a copper sphere. 
sphere material has been l i f t e d  from the ta rge t  delineating the interface 
between the  impacting body and the target. 
photographs, the surface of t h e  cavity under the  p ro jec t i l e  material i s  
quite smooth giving evidence of t he  plastic o r  f l u i d  flow of the  ta rge t  
during impact. 

Such a plat ing process is i l l u s t r a t e d  i n  the photographs 

To i l l u s t r a t e  t h e  plating process more vividly, the 

As can be seen from the  

In connection with the  plat ing phenomenon, it should be mentioned 
that the  penetration data presented i n  reference 1 f o r  copper spheres 
s t r ik ing  copper ta rge ts  were obtained from measurements t o  the plated 
surface rather  than t o  the interface. 
interface i n  e f fec t  increases the penetration of copper spheres in to  
copper targets  with the r e su l t  t h a t  these data  are brought more in to  
agreement with the data presented i n  reference 1 f o r  spheres of materials 
other than copper s t r ik ing  copper targets. 
copper impact data a re  compared i n  figure 2 with data  obtained from the 
impact of lead spheres in to  lead targets.' 
i n  sphere diameters as a function of the r a t i o  of impact veloci ty  t o  
speed of sound i n  the  target,  termed the "impact Mach number.'' 
l a t i on  of penetration on the basis  of the impact Mach number and the 
l imitat ions of t h i s  parameter are  discussed i n  reference 1. The values 
for the  speed of sound i n  the target  materials were taken from reference 2 
and are  11,670 f e e t  per second and 4,025 f e e t  per second for the copper 
and lead, respectively. The copper and lead data a re  seen from f igure 2 
t o  be i n  quite good agreement i n  contrast t o  the  fair agreement obtained 
when penetration was  measured t o  the plated face ( c f .  f i g .  6, re f .  1). 

Measurement t o  the  project i le- target  

The re-evaluated copper in to  

Plotted i s  the  penetration 

The corre- 

'For lead pe l l e t s  s t r ik ing  lead targets,  no corresponding interface 
For the  cases could be found from examination of the craters produced. 

of impact of dissimilar materials, no d i f f icu l ty  was experienced i n  
determining the  proper cavity penetration and contour. 
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Examination of the data f o r  lead impact presented i n  f igure 2 reveals 
tha t  for t h e  data points plot ted at impact Mach numbers of 1.50 and 1.69, 
the penetration i s  somewhat l e s s  than would be expected from extrapolation 
of the  data obtained at the lower speeds. The spark photographs of the  
lead pel le ts  i n  f l i g h t  obtained when the t e s t s  were conducted indicate 
tha t  f o r  t h e  low-speed data points, the lead pe l l e t s  were spherical  but 
t ha t  for the two high-speed points i n  question, the pe l l e t s  were appre- 
ciably f la t tened  i n  the direction of f l igh t .  The t r u e  p e l l e t  dimensions 
i n  the l i n e  of f l i g h t  were determined from the spark photographs and the  
penetrations were recalculated on the basis of these dimensions. The 
flagged symbols i n  f igure 2 show the corrected data, and the agreement 
of these points with those obtained at the  lower speeds i s  evident. It 
appears t ha t  for correlation of penetration data, the  p e l l e t  dimension 
t o  be used i s  tha t  measured along the l i n e  of f l i gh t .  Also, the necessity 
i s  demonstrated f o r  emp2oying good spark photographic equipment t o  
determine the condition of the p ro jec t i l e  pr ior  t o  impact. 

I n  addition t o  the above adjustments t o  the data of reference 1, 
certain other changes were made. Deleted were four data points obtained 
using spheres of nonmetallic materials and added were three data points 
f o r  metal spheres impacting lead targets .  Because of these several  
revisions t o  t h e  or ig ina l  data, the correlation presented i n  reference 1 
f o r  the  penetration of spheres of widely different  densi t ies  i n to  copper 
and lead ta rge ts  was re-examined. The revised data of reference 1 are 
shown in figure 3(a)  as a p lo t  of penetration, i n  sphere diameters, as a 
function of the product of the impact Mach number and the r a t i o  of the 
pro jec t i le  t o  ta rge t  density. The primary e f fec t  of the above changes 
was t o  reduce the sca t t e r  of the data. Also, the exponents of the impact 
Mach nuniber and density r a t i o  factors  i n  the correlation equation were 
changed from 0.69 t o  2/3 t o  f i t  the  revised data bet ter .  
correlation equation i s  : 

The revised 

21 3 

d = 2.28 (2) @TI3 

Dependence of Cavity Volume on Kinetic Energy of Project i le  

The resu l t s  of a number of experimental investigations have shown 
;hat cavity volume i s  proportional t o  the  kinet ic  energy of the  impacting 
body (see ref.  3, f o r  example). 
ence 1, a re la t ion  between cavity volume and pro jec t i le  kinet ic  energy 

(& mV2\ was obtained by assuming the  ta rge t  cExri+,y t o  be hernis2hericd 
\d 1 
i n  shape with radius equal t o  the penetration. Cavity volume was  then 
computed from the penetration equation presented i n  reference 1 and w a s  
given as 

To explore t h i s  possibi l i ty ,  i n  refer-  



5 

(+) P c2 (F rp3) = const (2) tg) 

with the quantity (2/3)rrp3 being the  cavity volume. The interest ing 
r e su l t  t h a t  volume i s  proportional t o  the product of the density r a t i o  
and kinet ic  energy w a s  noted i n  reference 1 but was not explained. 

Subsequent t o  the publication of reference 1, the  volumes of the  
The analysis of the  cavi ty  volume data  ta rge t  c ra te rs  were measured. 

indicated tha t  the  volume varied as the 3/2 power of the  density r a t i o  
and the second power of the impact Mach number. 
volume t o  sphere volume i s  shown i n  figure 3(b) and, as can be seen, the  
volume data are adequately correlated f o r  engineering purposes by the  
following equation: 

The r a t i o  of cavity 

31 2 

$=34(?) P (g (3) 

To compare the  re la t ion  of the measured cavity volumes (eq. ( 3 ) )  
with tha t  calculated i n  reference 1 (e¶. ( 2 ) )  from the  penetration data, 
equation (3) w a s  rewrit ten i n  terms of the  p ro jec t i l e  kinet ic  energy. 
Also introduced in to  equation ( 3 )  was  the re la t ion  

ET = pTc2 

The rewrit ten volume equation i s  

( 1/2) mv2 [ ET ] vT = 68 (4) 

It i s  of i n t e re s t  at t h i s  time t o  rewrite the penetration equation a l so  
i n  a similar manner giving 

Note tha t  equation (4 )  d i f f e r s  from equation ( 2 )  i n  t’iat the exponent of 
the density r a t i o  i s  1 /2  instead of 1. The reason f o r  the difference i s  
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t h a t  equation (2)  was obtained on the assumption tha t  the ta rge t  c ra te rs  
were hemispherical whereas equation (4)  was determined from reduction of 
the actual cavity volume data with the  resul t ing change i n  exponent. 
The role played by the density-ratio fac tor  i s  tha t  of a cavity-shape 
parameter. For the  case where the  sphere and ta rge t  are  of the  same 
material, the cavity produced by impact i s  very nearly hemispherical i n  
shape. 
the cavity produced has the appearance of a broad but shallow spherical  
segment. Where the pro jec t i le  material  i s  much more dense than the  ta rge t  
material, the cavity has a deep penetration compared t o  the  c ra t e r  radius 
at the  target  surface. 

If the  sphere material  i s  much less dense than the  ta rge t  material, 

Regions of Impact 

The hydraulic model describing impact i s  applicable only f o r  impact 
occurring at suf f ic ien t ly  high speeds. With the thought t ha t  cer ta in  
regions of impact could be defined, it was decided t o  explore impact at 
lower speeds where the strengths of the pro jec t i le  and ta rge t  would 
influence penetration. Accordingly, s m a l l  spheres of tungsten carbide 
were f i r ed  in to  lead targets  at speeds ranging from a few hundred t o  over 
10,000 f ee t  per second. 
penetration, i n  sphere diameters, as a function of the product of the 
impact Mach number and the r a t i o  of pro jec t i le  t o  target  density. 
sentative target  blocks were sectioned and photographs of the  sections 
a re  shown above the portions of the graph t o  which they belong. As  can 
be seen, three regions of impact a re  defined. A t  low veloci t ies ,  the 
strength of the sphere's material i s  greater  than the  dynamic pressure 
of impact and the sphere penetrates the target  as an undeformed project i le .  
The cavity produced i s  deep and narrow. In t h i s  region, the penetration 
iraries as the 4/3 .power of the veloci ty  as predicted from the DeMarre 
relation2 (see re f .  4). 
at which the impact pressure i s  suff ic ient  t o  cause the tungsten-carbide 
sphere t o  fragment in to  a f e w  large pieces at  impact and the penetration 
ceases t o  follow the DeMarre relation. This i s  the beginning of a 
t rans i t ion  region of impact. As the impact veloci ty  i s  increased further,  
the sphere shat ters  in to  numerous s m a l l  pieces and the penetration 
actually decreases. Finally, a veloci ty  i s  reached at which the typ ica l  
f l u i d  impact occurs, the c ra te r  formed i s  nearly hemispherical i n  shape, 
and the penetration i s  predicted by equation (1). 

The resu l t s  a re  plot ted i n  f igure 4 as the  

Repre- 

With increase i n  velocity, a point i s  reached 

When impact occurs i n  the undeformed pro jec t i le  region, penetration 
prediction can be made but the onset of t rans i t ion  cannot as yet be 
determined. Penetration i n  the f l u i d  impact region cannot be predicted 

21n the notation of the present report, the DeMarre re la t ion  i s  

a function of the s ize  and shape of the pro jec t i le  as well as other 
physical and mechanical properties of both the pro jec t i le  and target.  

n = C C ? I ? S ~  p 2'3!4'3 >There the  constar,t i s  pJn.-; rrrrb~l j r  n; A detzrmeci  is 
P c 
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from -act occurring i n  the  undeformed pro jec t i le  region and the converse 
is  a l so  true.  
with veloci ty  i n  almost any fashion, depending on various physical and 
mechanical character is t ics  of the project i les  and targets .  
of the  veloci ty  fac tor  can have a negative value 
or it can range up t o  some high value such as le(, as reported i n  
reference 5. 

Within the  t rans i t ion  region, the penetration can change 

The exponent 
as seen from figure 4, 

The boundaries of the  regions shown in 
t o  the  one combination of pe l l e t  and target  
t ions,  t he  locations of the boundaries w i l l  
and mechanical properties of the  project i le  
as t he  impact velocity. 

figure 4 a re  applicable ordy 
employed. For other combina- 
be influenced by the physical 
and t a rge t  materials as w e l l  

Effect of Target Strength 

In connection with the above investigation, a very l imited tes t  was 
conducted t o  evaluate the e f fec t  of a change i n  one quantity, namely that 
of ta rge t  strength, on penetration. For this test, 1/8-inch-diameter 
co2per spheres were fired in to  kard and so f t  copper ta rge ts  at speeds 
ranging from about 300 t o  11,000 f e e t  per second. The Brinel l  hardness 
numbers (10 millimeter b a l l  and 300 kilogram load) of the hard and so f t  
copper ta rge ts  were 65 and 36, respectively. 
obtained are p lo t ted  i n  figure 5. 
second, t he  penetration i n  the  so f t  copper ta rge t  i s  about 90 percent 
greater  than that i n  the  hard copper target.  
veloci ty  are v i r t u a l l y  ident ica l  t o  the  indentations made by a Br ine l l  
hardness t e s t ing  machine and thus it might be expected that the  r e l a t ive  
penetrations could be determined from the Br ine l l  hardness numbers. 
i s  very nearly the  case since an increase i n  penetration i n  the  so f t  
copper ta rge t  of 80 percent Over tha t  of the  hard copper ta rge t  would be 
predicted from the  Brinel l  hardness numbers. 
c ra te rs  and recovered pro jec t i les  indicated tha t  impact at this low 
veloci ty  falls i n  the  beginning of the  t ransi t ion zone previously mentioned. 

The penetration data 
A t  an impact veloci ty  of 600 f e e t  per 

The c ra te rs  produced at t h i s  

This 

Examination of the  t a rge t  

A t  the  impact veloci ty  of 4,000 f e e t  per second, the influence of 
t a rge t  strength i s  great ly  diminished since the penetration i n  the  so f t  
copper ta rge t  i s  about 23 percent greater than t ha t  i n  the hard target .  
The impacts at t h i s  veloci ty  are  i n  the t r a m i t i o n  zone or  at the beginning 
of the  fluid-impact region. 

With fur ther  increase i n  impact velocity, the e f fec t  of t a rge t  
strength continues t o  lessen and a t  10,000 f e e t  per second, t he  penetration 
i n  the  so f t  copper i s  only 12 percent greater than that i n  the  hard copper. 
Impact a t  t h i s  veloci ty  i s  i n  the  f l u i d  impact region. 
of the  data of figure 3 indicates penetration would be l i t t l e  affected by 
t a rge t  strength at ve loc i t ies  of the order of 20,000 feet per second. 

An extrapolation 
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Oblique Impact 

In addition t o  the previously described tests conducted w i t h  the  
target  face normal t o  the pro jec t i le  t ra jectory,  firings w e r e  made with 
the targets  at oblique angles. The ta rge ts  were copper and the  pro jec t i les  
were 1/8-inch-diameter copper spheres. Examination of the  cavi t ies  
obtained from these t e s t s  indicated the  penetration t o  decrease as the  
angle of obliquity was increased. Since the normal component of veloci ty  
a l so  decreases with increase i n  angle of obliquity, the  data were reduced 
by measuring the penetration normal t o  the target  surface and computing 
the impact Mach number from the component of veloci ty  normal t o  the ta rge t  
surface. In other words, it is  assumed that the component of veloci ty  
para l le l  t o  the ta rge t  surface does not contribute t o  the  ta rge t  penetra- 
tion. The oblique-penetration data are compared with the  normal penetra- 
t i o n  data i n  f igure 6. 
varying the pro jec t i le  veloci ty  and the oblique penetration data w e r e  
obtained by varying the target  angle with a fixed pro jec t i le  veloci ty  of 
7,000 f ee t  per second i n  one case and l l , O O O  f e e t  per second i n  the  other. 
For the lower veloci ty  the targets  were of hard copper and f o r  the higher 
velocity the ta rge ts  were of sof t  copper. It i s  apparent that f o r  both 
impact veloci t ies ,  the oblique penetration correlates w e l l  with the normal 
penetration t o  a value f o r  the  angle of obliquity as great as 50' f o r  the  
higher impact velocity. 
craters,  one f o r  impact at  an angle of 40' and the other f o r  impact at 
79'. The eccentr ic i ty  of the c ra t e r  i s  only s l i gh t  at 40°, whereas at 
7 5 O ,  a d i s t inc t ly  e l l i p t i c a l  cavity i s  observed. Where measurements were 
compared of the major and minor diameters (at the  or iginal  ta rge t  surface) 
of the c ra te rs  produced at the two tes t  veloci t ies ,  it was found that f o r  
the same angle of impact, the eccentr ic i ty  of the c ra te r  obtained at the 
higher impact velocity was  s ignif icant ly  l e s s  than tha t  f o r  the lower 
velocity. It i s  of in te res t  t o  note a lso that the  Barringer c ra te r  i n  
Arizona displays no eccentr ic i ty  (it resenibles a squared c i rc le )  when 
viewed from the air although the estimated angle of impact of the  meteorite 
i s  about 43O. 
impacting body i s  going fast enough, the c ra te r  formed w i l l  be c i rcu lar  
regardless of t he  angle of impact. With regard t o  t h i s  point, many 
astronomers believe tha t  the lunar craters ,  most of which are circular ,  
were caused by meteoroids, the major f rac t ion  of which may have struck 
at oblique angles. 
t he  explosive type impact resul t ing from the  tremendous speed of the  
meteoroid would produce a c i rcu lar  c ra te r  f o r  all but the most glancing 
angles of impact. 

The normal penetration data were obtained by 

Shown i n  f igure 7 are photographs of ta rge t  

The resu l t s  of the above observations suggest t ha t  if the 

The reason usually given f o r  the round cra te rs  i s  t h a t  

Evaluation of oblique impacts on the basis  of the  component of 
velocity normal t o  the ta rge t  surface does not take in to  account all of 
the kinetic energy of the project i le .  The remainder of the energy must 
go soii&i&ie%%e, pei-hqs i n  inmhg the  caT.rity sideways o r  i n  spewing out the 
target  material pa ra l l e l  t o  the  ta rge t  surface. The tests were not 
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conducted in  suff ic ient  d e t a i l  t o  determine whether e i ther  of these 
occurred. 
cavity volumes t o  be measured with accuracy. 

Also, the small s i z e  of the  cavi t ies  produced did not allow 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, C a l i f . ,  Ju ly  28, 1959 
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A-24726 

A-24727 

Figure 1.- Illustration of the plating effect for impact occurring Fn 
the fluid-impact region. 
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A-24651 (a) 8 = 40' 

A-24850 

(b )  8 = 7 5 O  

Figure 7.- Effect of angle of obliquity on crater  shape, 
v = 7000 f t /sec.  
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